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Abstract PICH (Plk1-interacting checkpoint helicase) was
recently identified as an essential component of the spindle
assembly checkpoint and shown to localize to kinetochores,
inner centromeres, and thin threads connecting separating
chromosomes even during anaphase. In this paper, we have
used immuno-fiber fluorescence in situ hybridization and
chromatin-immunoprecipitation to demonstrate that PICH
associates with centromeric chromatin during anaphase.
Furthermore, by careful analysis of PICH-positive anaphase
threads through FISH as well as bromo-deoxyurdine and
CREST labeling, we strengthen the evidence that these
threads comprise mainly alphoid centromere deoxyribonu-
cleic acid. Finally, by timing the addition of ICRF-193 (a
specific inhibitor of topoisomerase-II alpha) to cells syn-
chronized in anaphase, we demonstrate that topoisomerase
activity is required specifically to resolve PICH-positive
threads during anaphase (as opposed to being required to
prevent the formation of such threads during earlier cell
cycle stages). These data indicate that PICH associates with
centromeres during anaphase and that most PICH-positive
threads evolve from inner centromeres as these stretch in
response to tension. Moreover, they show that topoisomer-
ase activity is required during anaphase for the resolution of
PICH-positive threads, implying that the complete separa-
tion of sister chromatids occurs later than previously
assumed.
Introduction
The SNF2 family ATPase PICH was recently discovered as
an essential component of the spindle assembly checkpoint
(SAC; Baumann et al. 2007). This surveillance mechanism
monitors the bipolar attachment of chromosomes to the
mitotic spindle and is crucial for correct segregation of
genetic information during cell division (Chan et al. 2005;
Kops et al. 2005; Musacchio and Salmon 2007). The SAC
is thought to be regulated by either the tension that develops
between sister chromatids in response to bipolar attachment
or, alternatively, the increased microtubule occupancy at
kinetochores that results from the tension-induced stabiliza-
tion of kinetochore–microtubule interactions. It is interesting
to note that PICH localizes to kinetochores and inner
centromeres, prompting the hypothesis that it may function
as a tension sensor in SAC signaling (Baumann et al. 2007).
Unexpectedly, PICH also decorated ultrathin threads that
appeared to connect the kinetochores of sister chromatids
even after anaphase onset. As cells progressed through
anaphase, PICH-positive threads became progressively
longer and, concomitantly, their numbers diminished so that
they were no longer detectable by telophase (Baumann et al.
2007). Although these threads were sensitive to DNase I,
they could not be counterstained with conventional deo-
xyribonucleic acid (DNA) dyes or antibodies against
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(*)histones (Baumann et al. 2007; Chan et al. 2007). It is
interesting to note that, however, Bloom’s syndrome protein
(BLM), along with its cellular partners, topoisomerase IIIα
(TopoIIIα) and hRMI1, was recently found to associate with
PICH-positive threads (Chan et al. 2007). As the BLM/
TopoIIIα/hRMI1 complex is required for the dissolution of
recombination and/or replication intermediates (Wu and
Hickson 2003; Seki et al. 2006; Wu et al. 2006), it was
proposed that PICH-BLM-positive DNA structures may
originate from incompletely replicated DNA or fully
replicated but still intertwined (catenated) duplexes (Chan
et al. 2007).
Sister chromatid cohesion is established during S phase
and relies on two mechanisms. First, catenation of sister
chromatids is an inevitable consequence of DNA replica-
tion, so that topoisomerase II (Topo-II) activity is required
for DNA decatenation and sister chromatid separation
(Sundin and Varshavsky 1981; Clarke et al. 1993; Yanagida
2005; Toyoda and Yanagida 2006). Second, proteins known
as cohesins are loaded onto DNA and proposed to form
ring-like structures embracing the two 10-nm sister chro-
matid fibers (Nasmyth and Haering 2005; Losada 2007). In
vertebrates, cohesin proteins are removed from chromo-
some arms already during prophase, in response to the
action of the protein Wapl (Gandhi et al. 2006; Kueng et al.
2006) and to phosphorylation of a cohesin subunit by Plk1
and Aurora B (Losada et al. 2002; Sumara et al. 2002). At
centromeres, cohesin proteins persist, partly because of the
protective action of a complex between shugoshin 1 and
protein phosphatase 2A (Kitajima et al. 2006; Riedel et al.
2006; Tang et al. 2006). This centromeric pool of cohesin is
only removed after silencing of the SAC, when activation of
the anaphase-promoting complex/cyclosome results in the
release of the protease separase, which then cleaves the
cohesin subunit hRad21/Scc1 (Nasmyth and Haering 2005).
The path of sister chromatid DNA at centromeres and
the timing of decatenation of these late-replicating struc-
tures remains poorly understood (Yanagida 2005; Bloom
et al. 2006; Baumann et al. 2007). At one time, DNA
catenation had been considered a potentially important
mechanism for sister chromatid cohesion (Murray and
Szostak 1985). However, after studies with yeast mini-
chromosomes argued against this model (Koshland and
Hartwell 1987), most of the more recent work was focused
primarily on the role of cohesin proteins. Yet, Topo-II is
clearly required for chromosome segregation (Toyoda and
Yanagida 2006). Moreover, one biochemical study per-
formed in Xenopus egg extracts clearly showed a require-
ment for Topo-II activity after the onset of anaphase
(Shamu and Murray 1992), raising the possibility that
centromeres are still catenated while sister chromatids
undergo bipolar attachment. If this were the case, it would
imply a structural continuity between centromeric sister
chromatid DNA at the metaphase to anaphase transition.
This has potentially important implications with regard to
the question of where tension might be monitored by the
SAC. If sister chromatid cohesion were mediated exclu-
sively by centromere-associated cohesins, then these pro-
teins would represent the only device for opposing the
pulling forces of kinetochore microtubules. However, if
centromere DNA persisted in a catenated state, then this
DNA would be stretched in response to bipolar attachment,
raising the possibility that developing tension could be
monitored through a DNA-binding protein located on
catenated centromeres (Baumann et al. 2007).
Interest in the path of centromere DNA and the timing of
centromere decatenation has been renewed by the recent
identification of PICH as a candidate tension sensor and the
discovery of PICH-positive threads in anaphase cells
(Baumann et al. 2007). Following up on these findings,
we have here addressed two important issues. First, in order
for PICH to function as a tension sensor according to the
proposed model, the protein was predicted to associate
preferentially with centromeric chromatin. Second, the
discovery of PICH-positive threads in anaphase cells
suggested that decatenation of centromeric chromatin might
be completed later than hitherto assumed. These predictions
were tested, first, by the application of fluorescence in situ
hybridization (FISH) and antibody probes to PICH-positive
DNA structures and the use of complementary chromatin
immunoprecipitation (ChIP) and, second, careful studies on
the role of topoisomerase-IIα (Topo-IIα) in the resolution of
PICH-positive threads specifically during anaphase. Our
data clearly demonstrate that PICH associates with centro-
meric chromatin in anaphase cells and that the resolution of
PICH-positive threads requires Topo-II activity after ana-
phase onset. These results have important implications for
the path of centromere DNA and the timing of sister
chromatid separation. Specifically, they indicate that sister
chromatid centromeres in human cells are held together not
only through protein-mediated cohesion but also through
catenation and that complete decatenation of centromere
DNA occurs only after anaphase onset.
Materials and methods
Preparation of anaphase cells and mechanically extended
chromatin fibers Immuno-fiber FISH was used for detect-
ing specific DNA sequences on extended chromatin fibers
from anaphase cells. For labeling DNA with bromo-
deoxyurdine (BrdU), cells were incubated with BrdU
(BrdU-labeling reagent, diluted 1/500 in normal medium;
Zymed Laboratories, South San Francisco, CA) for 10 h
before Noscapine treatment. To enrich for anaphase cells,
HeLaS3 cells were arrested in mitosis by 20 μM Noscapine
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Anaphase cells were collected by mitotic shake-off, spun
down (1,000 rpm, 5 min), and resuspended for 10 min into
75 mM KCl at a concentration of 2×10
6 cells/ml. Fifty
microliters of cells were then spotted on positively charged
microscope slides (SuperFrost Ultra Plus; Menzel Gläser),
air dried, and immersed for 15 min at room temperature
(RT) in salt detergent buffer (25 mM Tris pH 7.5, 500 mM
NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate
[SDS]). Slides were then removed slowly from this solution
and placed for 10 min into fixation buffer as described
above. Subsequently, slides were washed twice in phos-
phate-buffered saline (PBS), 0.1% Twin-20, incubated for
2 min in 0.1 N HCl, rinsed twice in 2× sodium chloride–
sodium citrate (SSC), and then used for FISH, followed by
immunostaining with antibodies, as described below.
FISH probes Biotin-labeled DNA probes for alphoid pan-
centromere DNA, ribosomal DNA (rDNA), and telomeric
DNA were prepared as described previously (Ijdo et al.
1991; Dunham et al. 1992; Langer et al. 2001).
Antibodies Antibodies against PICH, Hec1, and CREST
antiserum have beendescribed(Baumannetal.2007). Rabbit
anti histone H3 (ab1791), H3 tri-methyl K9 (3mH3K9,
ab8898), H3 di-methyl K4 (2mH3K4, ab7766), H3 acetyl
K18 (ab1191), as well as mouse monoclonal anti-CENP-A
(ab13939) were obtained from Abcam (Cambridge, UK).
Mouse anti-BrdU (RPN20AB) was from BD Biosciences
Pharmingen, NJ, and mouse monoclonal anti-TRF2 (4A794)
from Upstate (Lake Placid, NY). The FISH secondary
antibodies avidine-Cy3.5 was from Rockland Immuno-
chemicals, Gilbertsville, PA. The following secondary anti-
bodies were used in immunofluorescence (IF) staining:
donkey anti-rat Cy3 and Cy2 conjugated (Jackson Immuno
Research, West Grove, PA), Alexa Fluor 488 conjugated
donkey anti-mouse or anti-rabbit, and Alexa Fluor 647 conju-
gated donkey anti-rabbit IgG (Molecular Probes, Invitrogen).
Preparation of cells for immunofluorescence and in situ
hybridization To achieve staining with both antibodies and
DNA probes, a fixation–permeabilization protocol aimed at
maximizing both preservation of protein antigenicity and
accessibility of nucleic acid to DNA probes was used.
Asynchronous HCT116 cells grown on coverslips were
rinsed three times in PBS and fixed for 10 min with fixation
buffer (0.2% Triton X-100, 20 mM Pipes pH 6.8, 1 mM
MgCl2, 10 mM ethylene glycol tetraacetic acid [EGTA],
4% formaldehyde) at RT. Slides were then washed for three
times 3 min with PBS containing 0.01% Triton X-100 and
incubated for 5 min in 0.1 M HCl at RT. Cells were rinsed
in 2× SSC and incubated in 2× SSC with 50% formamide
for at least 1 h at RT before hybridization.
Immuno-FISH and immuno-fiber FISH HCT116 cells (on
coverslips) or HeLaS3 chromatin fibers (on glass slides)
were brought into contact with DNA probes, and samples
were sealed with coverslips and rubber cement. Thus, the
following treatments denatured both probe and target DNA
simultaneously. All DNA fiber preparations were denatured
for 3 min, using 75°C for centromere DNA and rDNA
probes and 80°C for telomeric probes. For cells, denatur-
ation time (at the same temperatures) was increased to
5 min. Samples were subsequently incubated overnight in a
wet chamber at 42°C. Then, the rubber cement was
removed, and coverslips (carrying cells) or glass slides
(carrying DNA fibers) were rinsed in 4× SSC/0.2% Tween
and washed for three times 5 min in the same solution at
42°C, followed by three times 5 min in 1× SSC at 60°C.
After rinsing in 4× SSC/0.2% Tween, coverslips were
blocked for 30 min in 3% bovine serum albumin (BSA) in
4× SSC/0.2% Tween in a wet chamber at 42°C. Detection
of DNA probes was performed by incubating with
appropriate antibodies diluted in 3% BSA in 4× SSC/
0.2% Tween for 60 min in a wet chamber at 42°C. Samples
were then washed for three times 5 min in 4× SSC/0.2%
Tween at 42°C and rinsed in PBS for the subsequent IF
procedure. Primary antibodies were diluted in PBS and 3%
BSA and added to the samples for 90 min at RT. Next,
samples were washed for three times 5 min in PBS and
incubated for 60 min with secondary antibodies diluted in
PBS, 3% BSA. After washing for three times 5 min in PBS,
samples were rinsed in 2× SSC and counterstained for
5 min with 4′,6-diamidino-2-phenylindole (DAPI; 1 μg/ml).
Microscopy and image analysis Images were captured
using a Deltavision microscope on a Nikon Eclipse TE200
base (Applied Precision, Issaquah, WA) with an Plan Apo
60/1.4 oil immersion objective and a CoolSnap HQ camera
(Photometrics) or on a Nikon Eclipse TE2000 equipped with
the same objective and a VDS COOL-1300Q camera
(Vosskuehler). Images taken at different focal planes were
processed with a deconvolution algorithm and projected into
one picture using the Softworx software (Applied Preci-
sion). The projected images were opened in Adobe Photo-
shop and then sized and placed in figures using Adobe
Illustrator CS (Adobe Systems, Mountain View, CA).
ChIP assay and Southern blotting For ChIP assays, approx-
imately 2×10
6 HeLaS3 anaphase cells (prepared as
described above) were used per experiment. Anaphase cells
were first treated with 5 mM dimethyl 3,3′-dithiobispropio-
nimidate·2 HCl/PBS for 30 min on ice, washed in PBS, and
cross-linked in 1% formaldehyde/PBS at RT for 10 min.
The cross-linking was then quenched by adding 10% of
1.375 M glycine to the cell suspension. After two washes
with ice-cold PBS, cells were resuspended in 500 μlo f
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20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, 10 mM CaCl2, 1 mM phenylmethylsulfonyl fluoride)
and incubated on ice for 10 min. Then, cells were lysed by
sonication for 30 s and treated with 300 U/ml of micro-
coccal nuclease at 37°C for 10 min to produce chromatin
fragments of less than 1 kb (<5 nucleosomes), followed by
centrifugation for 15 min at 14,000 rpm. The resulting
chromatin fractions (supernatants) were diluted 10× in ChIP
dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM
ethylenediamine tetraacetic acid [EDTA], 16.7 mM Tris–
HCl pH 8.0, 167 mM NaCl), and precleared with 50 μlo f
salmon sperm DNA-saturated protein Sepharose G beads
(200 μg/ml salmon sperm DNA, 50% slurry). Then, 5-ml
chromatin fractions were first incubated with 5 μgo f
antibody for 2 h at 4°C, followed by an overnight incubation
with 100 μl of salmon sperm DNA saturated Sepharose G
beads. Beads were washed twice in low salt buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl
pH 8.0, 150 mM NaCl), twice in high salt buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl pH 8.0,
500 mM NaCl), twice in LiCl wash buffer (0.25 M LiCl, 1%
NP-40, 1% sodium deoxychlorate, 1 mM EDTA, 10 mM
Tris–HCl pH 8.0), and twice in TE buffer (10 mM Tris–HCl
pH 8.0, 1 mM EDTA). Bound nucleosomes were then eluted
for 15 min by shaking in 1 ml elution buffer (50 mM Tris
pH 8.0, 1% SDS, 1 mM EDTA, 0.1 M NaHCO3). Cross-
links were reversed by adding 100 μl of 1 M dithiothreitol
and incubation at 37°C for 30 min, followed by the addition
of 40 μl 5 M NaCl, 20 μl 0.5 M EGTA, 40 μl 1 M Tris
pH 6.5, 10 μl 10 mg/ml proteinase K, and 10 μl 10 mg/ml
RNase, and incubation at 65°C for 4–6 h. DNA was
recovered by phenol/chloroform extraction, precipitated by
isopropanol, washed in 70% ethanol, and then dissolved in
50 μl TE buffer.
For detection of centromere DNA by Southern blotting,
10 μl of ChIP DNA was resolved on a 1% agarose gel.
DNA was transferred onto Biodyne
® B membrane (KPL,
Gaithersburg, MD) and hybridized for 18 h at 42°C with
biotinylated pan-centromere probe or rDNA probe at
concentration of 50 ng/ml. The detection of biotinylated
probes was done according to the manufacturer’s instruc-
tions (Detector™ AP chemiluminescent blotting kit, KPL).
Results
PICH associates preferentially with centromeric chromatin
in anaphase
In recent studies, it was shown that PICH localizes to
kinetochores and inner centromeres during metaphase and
then to ultrathin threads during anaphase (Baumann et al.
2007; Chan et al. 2007). To extend these observations and
directly demonstrate an association of PICH with centro-
meric chromatin during anaphase, HeLa cells were labeled
with BrdU and synchronized in anaphase. Then, mechani-
cally extended chromatin fibers were prepared from these
cells and examined by IF microscopy (note that the term
“fiber” is used throughout this study to refer to chromatin
preparations; in contrast, the term “thread” is used to
designate the PICH-positive structures seen in anaphase cells
insitu;Baumannetal.2007). Staining of extended chromatin
with anti-PICH antibodies readily demonstrated colocaliza-
tion of PICH with chromatin fibers, as visualized by either
anti-BrdU antibodies or DAPI (Fig. 1a). Only about half of
all PICH-positive fibers were BrdU positive, consistent with
the fact that not all centromere DNA will be replicated in
asynchronously growing cells during a 10-h labeling. More
importantly, none of more than 30 BrdU/PICH-double-
positive fibers showed any gaps in BrdU labeling, arguing
that these fibres represented completely replicated DNA
(Torres-Rosell et al. 2007).
PICH-positive fibers could also be stained using anti-
bodies against the centromere-associated histone variant
CENP-A (CenH3; Amor et al. 2004; Bloom 2007).
Moreover, many PICH-positive fibers were decorated with
antibodies recognizing modified histone H3, di-, or trime-
thylated at lysines 4 (2mH3K4) and 9 (3mH3K9; Fig. 1b
and c). As expected, these latter antibodies also stained
PICH-negative fibers (data not shown), in agreement with
the fact that di- and trimethylated H3 histones are not
restricted to centromeric chromatin (Sullivan and Karpen
2004). PICH-positive fibers were not generally stained
when using antibodies against histone H3 acetylated on
lysine 18 (AcH3K18; Fig. 1d, left), consistent with the
hypoacetylated state of centromeric chromatin (Sullivan
and Karpen 2004; Baird and Farr 2006), although these
antibodies readily detected acetylated histones on PICH-
negative chromatin fibers (Fig. 1d, right). Finally, we
compared fibers prepared from metaphase cells (5 min after
release from a Noscapine block) and anaphase cells (30 min
after release) for their ability to be stained by antibodies
against the inner centromere protein (INCENP; Fig. 1e).
This component of the so-called chromosomal passenger
complex localizes to the inner centromere at metaphase but
relocates to the spindle mid-zone after anaphase onset
(Vagnarelli and Earnshaw 2004). Confirming the mitotic
stages analyzed, INCENP was detected on more than 80%
of PICH-positive fibers prepared from metaphase cells but
on only 21% of PICH-positive fibers from anaphase cells
(Fig. 1f). Similar quantitative analyses revealed that more
than 80% of PICH-positive anaphase fibers stained simul-
taneously positive for histone H3, CENP-A, 2mH3K4, and
3mH3K9, whereas only 11% were positive for AcH3K18
126 Chromosoma (2008) 117:123–135(Fig. 1f). Taken together, these data indicate that most of
the PICH-positive fibers prepared from anaphase cells
represent centromeric chromatin.
To substantiate this conclusion, we next combined IF
microscopy with fiber-FISH, using an alphoid satellite
DNA probe (pan-centromere probe) to directly visualize
centromere DNA (Dunham et al. 1992; Baird and Farr
2006). In agreement with the results shown in Fig. 1, PICH
immunoreactivity colocalized with the pan-centromere
probe on extended fibers prepared from anaphase cells
(Fig. 2a). The same fibers could also be stained with an
antibody against CENP-A, demonstrating that they com-
prise both alphoid satellite DNA and this centromere-
specific histone H3. As expected, only a minority of all
DAPI-positive chromatin fibers stained positive for PICH
and the pan-centromere probe (Fig. 1a, bottom panel),
confirming the specificity of both immunostaining and
hybridization signals. Moreover, when using an rDNA
probe for fiber-FISH, most PICH-positive fibers did not
show significant hybridization (Fig. 2b), and conversely,
rDNA positive fibers were generally negative for PICH
(Fig. 2c). This indicates that rDNA is not a major
component of PICH-positive fibers. A quantitative analysis
of these results revealed costaining of more than 80% of
PICH-positive fibers with the pan-centromere probe (39 of
48), compared to only 12% double positives with the rDNA
probe (5 of 42). Thus, although we cannot exclude that
PICH is able to associate with different DNA sequences,
these data strongly argue that the majority of PICH-positive
chromatin fibers comprises centromere DNA.
To corroborate the above cytological data with biochem-
ical evidence, we also used ChIP to visualize PICH binding
to centromeric chromatin. Nucleosome-associated DNA
isolated with antibodies against either histone H3,
Fig. 1 Immuno-fiber staining
showing PICH associates with
centromeric chromatin fibers in
anaphase. Extended chromatin
fibers were prepared from either
anaphase (30-min release from
Noscapine, a–d, and right panel
in e) or metaphase cells (5 min
release from Noscapine, left
panel in e) and then examined
for colocalization of PICH with
the indicated markers. All bars
indicate 5 μm. a PICH associ-
ates with BrdU-positive ana-
phase DNA fibers. b A
chromatin fiber showing posi-
tivity for PICH, histone H3
dimethylated at lysine 4
(2mH3K4), and CENP-A. c A
PICH-positive chromatin fiber
showing staining with histone
H3 trimethylated at lysine 9
(3mH3K9) and CENP-A. d
Chromatin fibers stained for
PICH and histone H3 acetylated
at lysine 18 (AcH3K18): PICH-
positive thread shows no
AcH3K18 staining (left) and
vice versa; AcH3K18-positive
fiber shows no PICH decoration
(right). e INCENP associated
with PICH in metaphase chro-
matin fibers (left) but dissociated
from PICH-positive fibers in
anaphase (right). f Quantifica-
tion results showing the positiv-
ity of indicated markers on
PICH-positive chromatin fibers
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centromere probe in Southern blots, whereas control immu-
noprecipitates performed with antibodies against the Flag tag
or the telomere-associated protein TRF2 (Smogorzewska
et al. 2000) showed little or no hybridization (Fig. 2d, left).
In parallel ChIP experiments, hybridization with an rDNA
probe was used for the control. Whereas nucleosomes
isolated with antibodies against histone H3 or 2mH3K4
showed the expected positive hybridization with the rDNA
probe, the ChIP products isolated with anti-PICH, anti-
CENP-A, and anti-TRF2 antibodies only yielded back-
ground hybridization (Fig. 2d, right). These ChIP data are in
excellent agreement with the chromatin fiber staining and
fiber-FISH data shown above and confirm that PICH
associates preferentially, if not exclusively, with centromere
DNA.
PICH-positive anaphase threads contain centromere DNA
The above immuno-fiber staining, immuno-fiber-FISH, and
ChIP experiments concur to demonstrate that during
anaphase, PICH associates preferentially with centromeric
chromatin. This strongly suggests that the PICH-positive
anaphase threads reported previously (Baumann et al. 2007)
result from an unraveling of this PICH-positive centromeric
chromatin. Because PICH-positive threads had previously
been undetectable by DAPI staining (Baumann et al. 2007),
we tried to improve the sensitivity of DNA detection by
Fig. 2 Immuno-fiber FISH on
PICH-positive anaphase chro-
matin fibers and chromatin-IP
with PICH antibody. All bars
indicate 5 μm. a A PICH-posi-
tive anaphase fiber showing hy-
bridization with pan-centromere
probe (PanCen) and CENP-A
staining. Upper panels illustrate
an enlarged region from the
lower panel. b, c Chromatin
fibers probed with rDNA probe
and stained for PICH. PICH-
positive fibers show no rDNA
signals (b), and rDNA-positive
fibers are negative for PICH
staining (c). d ChIP assay
showing that PICH binds to
centromeric nucleosomes.
Immunoprecipitates were pre-
pared with antibodies against the
indicated proteins. Left, South-
ern blot using pan-centromere
probe on ChIP products. Right,
Southern blot using rDNA probe
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with an anti-BrdU antibody. In these experiments, a heat
treatment was included to only partially denature DNA, so
that BrdU epitopes were concealed in the condensed
chromatin but revealed in less compacted DNA (Chan et
al. 2007). Using this procedure, PICH-positive threads
could successfully be stained with anti-BrdU antibodies
(Fig. 3a; see also Chan et al. 2007).
Having confirmed that PICH-positive anaphase threads
comprise DNA, we next performed immunofluorescence in
situ hybridization (immuno-FISH) on HCT116 cells,
combining anti-PICH antibody staining with FISH hybrid-
ization using a pan-centromere probe (Fig. 3b). In cells that
were judged to be in early anaphase (as inferred from the
length of the PICH-positive threads), significant colocaliza-
tion of PICH-positive threads and pan-centromere probe
could be observed. In particular, the pan-centromere probe
often produced dumbbell-like FISH signals that coincided
with PICH staining (Fig. 3b). At later stages of anaphase,
both the number of PICH-positive threads and the hybrid-
ization efficiency of the pan-centromere probe to the
threads diminished, making it difficult to obtain satisfactory
FISH signals on extended threads. We presume that this
reflects a technical difficulty in performing FISH on PICH-
positive threads, which apparently represent extremely
decondensed, ultrathin structures that may be devoid of
histones (Baumann et al. 2007; Chan et al. 2007). As a
control, parallel FISH experiments were performed with a
probe for telomere DNA. As shown in Fig. 3c, there was no
obvious coincidence between the signals produced by the
Fig. 3 BrdU staining and FISH
on anaphase cells. All bars
indicate 10 μm. a Representa-
tive images showing colocaliza-
tion of BrdU signals and PICH
on anaphase threads. b, c
HCT116 cells were subjected to
FISH with pan-centromere or
pan-telomere probes, followed
by staining with antibodies
against PICH. Merged images
show PICH in green and hy-
bridizing DNA in red. b In early
anaphase, hybridization of the
pan-centromere (PanCen) probe
results in multiple, elongated,
thread-like signals. The majority
of these signals colocalize with
PICH threads. This colocaliza-
tion is not visible for all pan-
centromere threads because of
different focal planes. The lower
panels show enlarged images
from selected regions. c PICH-
threads and pan-telomere (Pan-
Telo) signals in early anaphase.
Hybridization of a (TTAGGG)n
probe results in multiple, point-
like signals. In contrast to the
pan-centromere probe, no elon-
gated signals are visible, not
even in early anaphase. There
was no correlation between
telomere signals and PICH
threads at any anaphase stage
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probe did not produce the stretched and extended signals
that were observed with the pan-centromere probe. Similar
results were also obtained when staining HeLa cells at
different stages of mitosis (Supplemental Figs. S1,S 2). In
these cells, the close spatial relationship between PICH-
positive fibers and the signals produced by the pan-
centromere but not the pan-telomere probe was also
confirmed by quantitative analyses. Colocalization between
PICH and pan-centromere signals was found for 95% of
PICH-positive threads (255 out of 269), whereas only 7.7%
of PICH threads overlapped with pan-telomere dots (21 out
of 271).
Resolution of PICH-positive threads requires Topo-IIα
activity specifically during anaphase
In previous experiments, PICH-positive anaphase threads
were shown to be exacerbated upon inhibition of Topo-IIα
in Mad2-depleted cells (Baumann et al. 2007). However,
these studies did not distinguish whether Topo-IIα inhibi-
tion caused a delay in the resolution of PICH-positive
threads during anaphase or, alternatively, caused the
increased formation of such threads during cell cycle stages
before anaphase. This distinction is critical in view of the
question of when exactly during mitotic progression top-
oisomerase activity is required for sister chromatid separa-
tion. To address this key issue, we timed the addition of the
Topo-IIα inhibitor ICRF-193 to cells carefully synchro-
nized in anaphase and then monitored both sister chromatid
separation and the resolution of PICH-positive anaphase
threads. As illustrated schematically in Fig. 4a, the Topo-
IIα-specific inhibitor ICRF-193 (Patel et al. 2000; Perrin
et al. 1998) was added at various times during anaphase
progression, before all cells were fixed for analysis.
Immunostaining with antibodies against PICH and INCENP
was then used to monitor the frequency of PICH-positive
threads and progression through anaphase and telophase,
respectively. As judged by the loss of INCENP staining
from centromeres, anaphase and telophase cells accounted
for more than 90% of the total mitotic population in both
ICRF-193-treated and control (dimethyl sulfoxide [DMSO]-
treated) cells, attesting to successful synchronization (data
not shown). However, when compared to DMSO-treated
control cells, the inhibition of topoisomerase activity by
ICRF-193 drastically increased the frequency of PICH-
positive threads and concomitantly impaired the separation
of sister chromatids (Fig. 4b), confirming and extending
previous results (Baumann et al. 2007). To analyze these
data quantitatively, two phenotypes produced by ICRF-193
addition were distinguished. Type I cells showed numerous
PICH-positive threads associated with compact chromatin
masses that appeared to be either stuck in the cell center or
pushed to one side of the cell; in both cases, INCENP was
displaced from centromeres but not associated with a well-
developed central spindle (Fig. 4b). Type II cells also
showed massive PICH-positive threads, but two chromatin
masses were clearly separated, and INCENP could be seen
on structures resembling a central spindle or midbody,
suggesting that these cells had progressed to a telophase-
like stage (Fig. 4b). The frequency of these aberrations was
dependent on the exact timing of ICRF-193 addition after
anaphase onset. In response to early drug addition, aber-
rations were more frequent overall (Fig. 4c), and the more
severe type I phenotype was more prevalent than the type II
phenotype (Fig. 4d). These data demonstrate that top-
oisomerase activity is required during anaphase for both the
resolution of PICH-positive threads and the complete
separation of sister chromatids.
PICH-positive anaphase threads commonly terminate
on kinetochores
To further support the proposition that most PICH-positive
threads comprise centromere DNA, we carefully examined
how frequently individual PICH-positive threads were
connected to kinetochores during increasing chromosome
separation. Anaphase cells were synchronized as described
in Fig. 4a and costained with antibodies against PICH and a
human kinetochore/centromere-specific CREST serum
(Fritzler and Kinsella 1980; Ikeno et al. 1994). In very
early anaphase cells in which the kinetochores of sister
chromatids were separated by less than 2 μm, PICH
localized to inner centromeres (i.e., between two dominant
CREST signals) on virtually all chromosomes (Fig. 5a, left
panel; Fig. 5b), as expected (Baumann et al. 2007). As cells
progressed further through anaphase, the number of PICH-
positive threads decreased with increasing interkinetochore
distance (Fig. 5c), and concomitantly, their length increased
(data not shown; see Baumann et al. 2007). Most
importantly, a majority of all threads was still connected
to a CREST-positive kinetochore, at least at one end
(Fig. 5a, central panel; Fig. 5b). Essentially, the same con-
clusions were reached after analyzing ICRF-193-treated
cells, except that the overall frequency of PICH-positive
threads was increased at all stages of progression through
anaphase and telophase (Fig. 5a, right panel; Fig. 5b and c).
As expected for threads connecting sister kinetochores,
the length of PICH-positive threads was positively corre-
lated with the extent of chromosome separation (data not
shown). It is interesting to note that sister kinetochores
connected by PICH-positive threads in late anaphase could
often be seen to trail behind the bulk of the separating
chromosomes (Fig. 5d, upper panels; see also Chan et al.
2007 and Fig. 4B in Baumann et al. 2007). These
observations suggest that PICH-positive threads oppose the
130 Chromosoma (2008) 117:123–135Fig. 4 The resolution of PICH-positive anaphase threads can be
inhibited by ICRF-193. a HeLa cells were first synchronized in
anaphase by sequentially treatment/release from 100 mM thymidine,
20 μM noscapine, and 10 μM proteosome inhibitor MG132 at the
indicated time points. DMSO or 5 μM ICRF-193 were added to cells
at the indicated time points after release of cells from the MG132
block. All cells were fixed for immunostaining with PICH (red) and
INCENP (green) 60 min after release from MG132. b Examples
showing localizations of PICH and INCENP in control (DMSO) or
ICRF-193-treated cells. Merged images show PICH in red, INCENP
in green, and DAPI in blue. The dashed lines in the INCENP panels
indicate the outlines of dividing cells. Two major aberrant phenotypes
were identified in cells treated with ICRF-193. Type I cells showed
numerous PICH-positive threads associated with chromatin that was
located in the cell center (left) or pushed to one side of the cell (right).
Type II cells showed a clear separation of sister chromatids, but
massive PICH-positive threads remained unresolved. Bar indicates
10 μm. c Quantification of the frequency of aberrant anaphase–
telophase cells (Types I+II). Bars indicate standard errors from three
independent experiments. For each experiment, 250 cells were
counted. d Distribution of different anaphase–telophase cells in
DMSO- or ICRF-treated populations. Data were obtained from three
independent experiments, counting 250 cells for each: bars denote
standard errors
Chromosoma (2008) 117:123–135 131forces exerted by the spindle microtubules, resulting in
tension along the length of the thread. We also emphasize
that PICH-positive threads connected most, if not all, sister
kinetochores during metaphase and very early anaphase
(e.g., Fig. 5a). At later stages, however, many of the threads
appeared to be connected to kinetochores at only one end
(data not shown), or alternatively, PICH staining showed a
gap in the middle of a thread (Fig. 5d, lower panels).
Although difficult to prove in the absence of live cell
imaging, we interpret discontinuous threads to represent
intermediates in the process of thread resolution. Specifical-
ly, we propose that decatenation of PICH-positive centro-
mere DNA is followed by “reeling in” of this DNA, to
restore a compact centromere structure on each of the sepa-
rating chromosomes.
Discussion
In this paper, we have combined cytological and biochem-
ical approaches to study, first, the association of PICH with
chromatin fibers and, second, the origin and fate of ultrathin
PICH-positive anaphase threads (Baumann et al. 2007;
Chan et al. 2007). Our results have intriguing implications
for the timing of centromere decatenation and the comple-
tion of sister chromatid separation.
Fig. 5 PICH-positive anaphase
threads often terminate at the
centromere/kinetochore. a Ana-
phase HeLa cells were immu-
nostained with PICH antibody
and CREST antiserum. Cells
were synchronized in anaphase
and analyzed as described in
Fig. 4a. Representative images
are from samples that received
DMSO or ICRF-193 20 min
after release from MG132, be-
fore being analyzed 40 min later.
The small images show enlarged
regions (see dashed boxes).
PICH-positive threads connected
to CREST-positive dots were
denoted as “+” while threads
without CREST connection were
denoted as “−”. Bar indicates
10 μm. b Quantification data
showing that the majority of
PICH-positive anaphase threads
terminate at CREST signals, at
least through one end. Interki-
netochore distance was calculat-
ed by measuring the distance
between separated CREST sig-
nals. White columns indicate
cells treated by DMSO, and
black columns show data
obtained after ICRF-193 treat-
ment. Numbers within each col-
umn indicate the total number of
threads counted. c Quantification
of the numbers of PICH-positive
threads per cell. The numbers of
cells analyzed are indicated
above each column. Bars indi-
cate standard errors. d Immu-
nostaining of PICH and Hec1 in
late anaphase cells. Top: Kinet-
ochores connected to PICH-pos-
itive thread trail behind the bulk
of the separating chromosomes;
bottom: a PICH-positive thread
showing a gap in the middle of
the thread. Bar represents 10 μm
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of PICH-positive threads?
Our cytological studies on DNA fibers and ChIP experi-
ments concur to demonstrate that PICH associates prefer-
entially with centromeric chromatin during anaphase. Thus,
in all likelihood, it is the unraveling of centromeres that
leads to the formation of the ultrathin PICH-positive threads
that are common in anaphase cells. In support of this
conclusion, most PICH-positive threads terminate in close
proximity to kinetochores, at least at the resolution of light
microscopy. Although the presence of DNAwithin ultrathin
PICH-positive threads could be demonstrated by BrdU
incorporation (see also Chan et al. 2007), it has so far
proven impossible to use FISH to unequivocally demon-
strate that this DNA is derived from centromeres. This
inability to visualize the ultrathin PICH-positive threads by
FISH presumably reflects technical limitations. Hybridiza-
tion to ultrathin DNA threads may result in fluorescence
signals that are too weak to detect with confidence.
Moreover, the need to preserve antigenicity required
conditions for FISH analyses that are likely to increase
background. However, we note that alphoid satellite DNA
signals were reported to occasionally connect sister chro-
matids in salt-extracted metaphase chromosomes (Bickmore
and Oghene 1996).
It is most interesting to note that in early anaphase cells,
we observed strikingly elongated, stretched signals that
colocalized with the PICH signal (Fig. 3b). These elongated
signals were clearly distinct from the usual dot-like
hybridization signals produced by pan-centromere probes
on interphase cells, indicating significant conformational
changes at the centromere at the onset of anaphase. The
PICH signal was strongest in regions of weaker intensity of
the stretched pan-centromere signal, indicating that PICH
decorates the more decondensed sections (Fig. 3b). Even in
late anaphase, some of the signals for the pan-centromere
probe were not dot-like but stretched toward the division
plane (Supplemental Fig. S1). To our knowledge, such
elongated signals have not previously been reported. They
were probably detected here because our preparations were
highly enriched for anaphase cells, facilitating the visual-
ization of centromere stretching at this particular cell cycle
stage. Attesting to the specificity of our observation, no
elongation of FISH signals was seen when a telomere probe
was used for control.
With regard to the protein composition of PICH-positive
threads, it is remarkable that BLM and its complex partners
Topo-IIIα and hRMI1 are the only proteins that have so far
been shown to associate with these structures (Chan et al.
2007). In contrast, multiple antibodies against common
histones, centromere-specific histones, or histone modifica-
tions failed to decorate PICH-positive threads, raising the
question of whether the DNA in these threads is associated
with any histones (Baumann et al. 2007; Chan et al. 2007;
Wang and Nigg, unpublished results).
What is the function of PICH-positive threads?
A priori, the unraveling of DNA to ultrathin threads during
cell division is expected to pose a considerable threat to the
integrity of the genome. Yet, PICH-positive threads have
been seen at astonishing frequency in all cultured cell types
examined so far, suggesting that they represent a physio-
logical (rather than pathophysiological) structure. Consid-
ering the evidence presented here and elsewhere (Baumann
et al. 2007; Chan et al. 2007), we indeed believe that the
many short PICH-positive threads connecting sister kinet-
ochores during early anaphase evolve directly from cate-
nated centromeric chromatin. In contrast, the origin of some
of the longest threads seen in very late anaphase is more
difficult to ascertain, and it is definitely possible that some
of these late persisting threads comprise incompletely
replicated DNA or unresolved recombination intermediates
(as discussed in Chan et al. 2007).
What advantage could cells possibly derive from the
persistence of PICH-positive threads during anaphase? At
present, we can propose three speculative answers, and
these are not mutually exclusive. First, our data strengthen
the view that persistent catenation at centromeres may
cooperate with cohesin ring complexes to ensure centro-
mere cohesion (Shamu and Murray 1992; Toyoda and
Yanagida 2006). In principle, the two mechanisms may
function in parallel and complement each other. This view
is supported by recent data suggesting that cohesin
depletion does not abolish sister centromere pairing in the
absence of bidirectional pulling forces (Deehan Kenney and
Heald 2006; Diaz-Martinez et al. 2007). Alternatively,
cohesin proteins may function to prevent premature decate-
nation. Considering that Topo-IIα catalyzes both catenation
and decatenation, one could argue that the removal of
cohesin proteins from centromeres is required to shift the
equilibrium toward decatenation. According to this scenario,
the tension exerted on centromere DNA and PICH-positive
threads during early anaphase would then confer direction-
ality to the action of Topo-IIα in favor of decatenation.
Second, there is evidence that the SAC can rapidly be
reactivated by addition of taxol to cells that have already
completed chromosome alignment (Gorbsky and Ricketts
1993; Waters et al. 1998; Clute and Pines 1999). This
suggests that maintenance of tension is important to prevent
the re-establishment of an inhibitory SAC signal. Consid-
ering that PICH-positive threads oppose the pulling forces
of microtubules (Fig. 5d), they contribute to maintain
tension and may thereby ensure the continued silencing of
the SAC.
Chromosoma (2008) 117:123–135 133Third, PICH-positive threads may conceivably relate to
the recently proposed NoCut pathway identified in budding
yeast (Norden et al. 2006). This pathway was proposed to
monitor the positioning of chromatin to prevent premature
ingression of the cleavage furrow. If a similar pathway
operates in vertebrates, PICH-positive threads might serve
as a signaling platform for the operation of this proposed
checkpoint. However, we have so far been unable to detect
Aurora B on PICH-positive threads, although this kinase
was reported to play a key role in the NoCut pathway
(Norden et al. 2006).
Finally, we note that the persistence of catenated centro-
meres at anaphase onset has obvious implications for the
putative “decatenation checkpoint” that has been proposed
to operate during G2 to prevent cells from entering mitosis
with entangled DNA (Clarke et al. 2006; Damelin and
Bestor 2007). Whatever structural feature this putative
checkpoint monitors, our data would argue that it must be
insensitive to the persistence of catenated centromeres.
How are PICH-positive threads resolved?
We cannot exclude that some PICH-positive threads are
occasionally cut by nucleases or ruptured by mechanical
forces. However, this would almost inevitably result in the
loss of centromere-related DNA. Consequently, centro-
meres would shorten over successive cell generations,
reminiscent of telomeres. Although centromere shortening
is a very intriguing possibility, we are not presently aware
of evidence that would support its occurrence. In any case,
the resolution of PICH-positive threads through cuts or
breakage would be expected to activate a DNA damage
checkpoint, followed by double-strand break repair. It is not
impossible that some instances of delayed cytokinesis
might be explained by checkpoint activation in response
to the breakage of PICH-positive threads.
According to our data, decatenation represents the pre-
dominant mechanism for resolving PICH-positive threads
under physiological conditions. This may involve either
Topo-IIα (our present study; see also Baumann et al. 2007)
or Topo-IIIα, in a complex with BLM and RMI1 (Chan et
al. 2007). Subsequently, we envision that the decatenated
DNA is “reeled in” to join the bulk of the compact centro-
mere on each sister chromatid. To ensure the rapid,
accurate, and efficient execution of this process, it is
possible that it involves motor proteins (including perhaps
PICH itself?) and central spindle microtubules to provide
mechanical support.
Clearly, the discovery of PICH-positive threads in
anaphase cells has raised many intriguing questions that we
are only beginning to answer. At present, PICH constitutes
the best marker for visualizing ultrathin anaphase threads,
although it is possible that PICH-positive threads correspond
to structures that have occasionally been visualized in earlier
cytological studies (e.g., Roos 1973; Rattner et al. 1988;
Suja et al. 1992). It is interesting to note that the BLM
protein also associates with PICH-positive threads at later
stages of mitosis, but PICH-positive threads are also present
(and in fact exacerbated) in BLM-deficient cells, indicating
that the BLM complex is not an essential component of
ultrathin anaphase threads (Chan et al. 2007). Major
challenges for the future concern the identification of
additional proteins on PICH-positive threads, which may
help illuminate both the origins and the functions of these
threads. In parallel, our findings invite renewed attention on
the role of DNA catenation in centromere cohesion and
SAC signaling, as well as the regulation of topoisomerases
during mitotic progression.
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